Ever increasing energy requirements, environmental concerns and energy security needs are strongly influencing engine researchers to consider renewable biofuels as alternatives to fossil fuels. Spray process being important in IC engine combustion, existing literature on various biofuel sprays is reviewed and summarized. Both experimental and computational research findings are reviewed in a detailed manner for compression ignition (CI) engine sprays and briefly for spark ignition (SI) engine sprays. The physics of basic atomization process of sprays from various injectors is included to highlight the most recent research findings followed by discussion highlighting the effect of physico-chemical properties on spray atomization for both biofuels and fossil fuels. Biodiesel sprays are found to penetrate faster and have narrow spray plume angle and larger droplet sizes compared to diesel. Results of analytical and computational models are shown to be useful in shedding light on the actual process of atomization. However, further studies on understanding primary atomization and the effect of fuel properties on primary atomization are required. As far as secondary atomization is concerned, changes in regimes are observed to occur at higher air-jet velocities for biodiesel compared to those of diesel. Evaporating sprays revealed that the liquid length is longer for biodiesel. Pure plant oil sprays with potential use in CI engines may require alternative injector technology due to slower breakup as compared to diesel. Application of ethanol to gasoline engines may be feasible without any modifications to port fuel injection (PFI) engines. More studies are required on the application of alternative fuels to high pressure sprays used in Gasoline Direct Injection (GDI) engines.
INTRODUCTION
Various advantages of biofuels over fossil fuels have generated interest in biofuels in recent years. Biofuels are extracted either from seeds of various plants or processing of biological wastes. Renewability is one of the important advantages of biofuels. Compared to fossil fuels, biofuels are known to reduce the greenhouse gases due to carbon recycling. For gasoline engines, bio-ethanol and bio-butanol are potential alternatives. In general, these fuels are made by fermentation of large variety of biological wastes such as sugarcane waste, leaves, etc. On the other hand, pure oils and methyl esters of oils from various seeds such as rapeseed, soybean, Jatropha, Pongamia, etc. are being considered as diesel fuel alternatives for compression ignition engines.
In recent years, engine researchers throughout the world have studied performance and emission characteristics of compression ignition engines and spark ignition engines to evaluate biofuels against fossil fuels. Biodiesels have higher viscosity, lower calorific value, slightly higher density as compared to diesel as shown in Table 1 . Also, biodiesels typically consist of around 10% oxygen [1] . These differences in physical and chemical properties cause various changes in engine response when used in diesel engines. Lower calorific value requires more quantity of fuel as compared to diesel and injection rates are slower for biodiesel because of higher viscosity [2] . NO x emissions are observed to increase when biodiesel is used instead of diesel which is due to the cumulative effect of reduction in ignition delay, oxygen content in fuel and lower radiation losses as biodiesel produces less soot. HC and CO emissions are observed to be lower for biodiesel engines mainly due to oxygen present in the fuel. Higher brake specific fuel consumption (BSFC) is observed for biodiesels because of lower calorific value of biodiesel. CO emissions are found to be load point dependent due to competing effects of fuel-oxygen and poor mixing. At higher loads, CO is observed to increase when biodiesel is used. Soot is observed to significantly reduce in most of the biodiesel engine tests which is due to the oxygenated chemical structure of biodiesels [3 and 4] . Some researchers have also reported reduction in NO x which is attributed by them to reduction in injection velocities and poor air-fuel mixing with biodiesel [5] . Diesel engines were also tested with unprocessed vegetable oils by many researchers. In general, it was observed that the thermal efficiency of engines was observed to reduce because of lower calorific value of vegetable oils. HC, CO and PM emissions were observed to be higher for vegetable oils as compared to those for diesel. Some researchers have reported lower smoke levels with vegetable oils compared with diesel fuel. More details on engine studies with vegetable oils and their biodiesel are also available in a recent review by No et al. [4] . Diesel blended with ethanol or butanol or both ethanol and butanol has also been studied by some researchers. The main point of interest observed from these studies is a significant reduction in particulate emissions. CO and NO x emissions have either increased or reduced depending on the operating point under consideration. In most of the cases, higher HC emissions are observed due to ethanol or butanol blending in diesel [6] [7] [8] . Another diesel substitute is dimethyl ether (DME) which can be made from biological raw materials. Almost zero visible smoke and higher NO x are observed when DME is used in CI engines. HC and CO emissions are also observed to be less for engine operating with DME. Either retardation or addition of EGR to reduce NO x causes increase in CO emissions. Thus, NO x and CO trade-off has to be considered while implementing DME as an alternative for diesel [9, 10] . The duration of injection is found to be more with DME at the same injection pressure when used in CI engines [11] .
Gasoline or ethanol blended with DME has been attempted in port fuel injection gasoline engines. The combustion rate is observed to be faster when a small amount of DME is blended resulting in reduction of combustion duration considerably which improves the thermal efficiency. HC and CO emissions reduce and NO x increases with addition of DME [12, 13] . Ethanol and N-butanol are important alternatives to gasoline for use in spark ignition (SI) engines. Also, their blends with gasoline are being used in SI engines. Faster combustion, lower HC and CO emissions and higher NO x are observed with n-butanol or ethanol blended with gasoline [14, 15] . Improved combustion stability and low knock tendency is observed with butanol-blended gasoline. The thermal efficiency slightly reduces when butanol is used in SI engines instead of gasoline. However, it can be compensated by re-optimizing the spark timing [16] . Lower soot is observed in a gasoline direct injection (GDI) engine tested with ethanol. NO x , CO and HC emissions have reduced when ethanol is blended with gasoline [17, 18] . Ethanol also has good anti-knock qualities. Exhaust temperatures are observed to reduce when gasoline is blended with butanol or ethanol [19] .
The above discussion on application of biofuels in internal combustion (IC) engines reveals that along with various advantages, there are also few disadvantages. Increase in NO x , change in injection duration, increase in fuel consumption and other emissions are some examples. These issues are mainly because; these engines are not designed and optimized for use of biofuels and various components in engine may need modifications. Thus, an extensive study of various aspects of biofuel application to IC engines is required before practical implementation. It is recognized that fuel atomization is one of the very important processes which has a significant impact on combustion and emission formation. Various aspects of spray in diesel engines, PFI engines or GDI engines are influenced by physical properties of liquid involved. Table  1 shows the important physical properties of diesel, gasoline and various biofuels. Table 1 shows that there are significant differences in physical properties such as viscosity, density and calorific values between conventional diesel and biodiesels. Higher viscosity may affect spray velocity and breakup process whereas lower calorific value requires larger injection duration for biodiesels. Pongamia and Jatropha oils have viscosity of around 10 to 15 times that of diesel which may further degrade the breakup process. For gasoline alternatives such as ethanol, along with viscosity and density, latent heat of vaporization is much higher which indicates slower evaporation under same conditions. Also, ethanol and n-butanol have lower vapor pressure compared to gasoline indicating less volatility. Thus, it is important to understand the impact of the differences in various fuel properties on spray behavior before considering biofuels for engine application. The present review tries to consolidate experimental and computational research findings reported in the literature on biofuel sprays in terms of the characterization of their structure and the effect of physical properties on breakup process and spray development. First, nonevaporating and evaporating biodiesel spray structure are compared with diesel spray at macroscopic and microscopic levels followed by a Spray plume angle review of primary atomization, secondary atomization, evaporating and combusting CI engine sprays. Analytical and computational studies on CI engine sprays are also included. Subsequently, pure plant oil sprays, sprays of DME and its blends are discussed. Towards the end, biofuel sprays for port fuel injection (PFI) and gasoline direct injection (GDI) gasoline engines are reviewed. For each class of sprays, a discussion regarding the breakup process is included in the beginning followed by a comparison of biofuels with conventional fuels ending with a current state of research and future research requirements.
BIODIESEL SPRAYS
Methyl esters of various plant oils are referred to as biodiesels (e.g.; RME, SME, JME, PME, etc.). Table 1 shows that kinematic viscosity surface tension and density (which are very important in spray breakup) vary over a small range for almost all the biodiesels. Thus, in the present review, all the biodiesels are treated to be equivalent. Research studies on petroleum diesel are reviewed to include details on the basic spray breakup process. This section first presents a review of studies on non-evaporating sprays followed by reviews on evaporating and combusting sprays. Computational and analytical studies are discussed separately.
Non-evaporating sprays
Non-evaporating sprays provide information on structure and droplet distribution and effect of change in physical parameters on spray structure.
Macroscopic structure of biodiesel sprays
The macroscopic diesel spray structure is characterized mainly by spray tip penetration, spray plume angle and spray tip velocity. Spray tip penetration and spray tip velocity are [14, 27 & 28] useful to investigate possibility of liquid spray impingement whereas spray plume angle indicates the spread of droplets due to breakup and air entrainment. This is useful in the preliminary evaluation of utilizing biodiesels in diesel engines and also to anticipate any required changes in engine systems. The spray structure is experimentally measured by typically recording images of the entire spray plume with a high speed camera. Images are post processed to estimate the above-mentioned spray parameters. Even though the definition of tip penetration is clear, the definition of spray plume angle is not unique in the literature. As shown in Fig. 1 , tip penetration at an instant during spray event is indicated by 'S'. The choice of the distance over which lines originating from the injector tip are extended to determine the spray angle (denoted by 'X' in Fig.1 ) varies
Figure 2.
Comparison of spray images at 0.7ms after start of injection into air at 15 kg/m3 density (BDFp-Palm oil methyl ester, BDFc-Cooking oil methyl ester) [35] (Reprinted from International Journal of Heat and Fluid flow, 31, Wang, X. et al., Experimental and analytical study on biodiesel and diesel spray characteristics under ultra-high injection pressure, pp661, Copyright 2010, with permission from Elsevier) in the literature. Some authors consider X to be S/3 [29] , whereas others have taken it to be 60% of S [30] and some others have evaluated X from 0 to S, and taken the maximum value as the spray plume angle [31] . Some researchers have calculated two angles, a near-field angle which is obtained by considering 10 mm to 20 mm of the spray plume from the tip of injector, and a far-field angle which is obtained by considering the portion of the spray downstream from 20 mm [32] . Deng et al. [33] studied the spray structure of Jatropha and palm oil methyl esters in a constant volume chamber at four injection pressures of 600, 900, 1200 and 1500 bar at each of three ambient pressures of 11, 21 and 31 bar. At all test conditions, the spray tip penetration is observed to be larger and spray plume angle is smaller for biodiesel as compared to diesel. Higher viscosity and surface tension are mentioned as reasons for the slower break up which causes higher penetration and narrower spray plume angle. In a study on soybean methyl ester, similar conclusions are reported by Park et al. [34] . The difference in spray tip penetration is significant after a certain period from the start of injection [31] . An example of spray plume images at various injection pressures for diesel and biodiesel is shown in Fig. 2 which clearly shows the narrow spray plume angle and higher tip penetration for biodiesels [35] . Volumetric injection rate and velocity are lower for biodiesels because of their higher viscous resistance inside the injector passage. To reduce viscosity and surface tension of biodiesels, various blends of biodiesel are also tested by researchers. A narrow spray plume angle is observed in many cases when biodiesel is blended with diesel as compared to pure diesel. The injector needle rises slowly due to the higher viscosity of biodiesels and causes a longer injection delay and lower mass flow rates for injections with shorter injection duration [30, 35] . A higher reduction in flow rate is observed in case of multiple injections as compared to the single injection condition. As the biodiesel quantity is increased in the blend, the spray tip velocity was observed to increase and the total volume of spray was observed to reduce [35, 36] . Higher spray angles for biodiesel as compared to diesel are also reported in other studies [29] . Table 2 shows conclusions from various recent studies on biodiesel sprays. From this table, it can be concluded that spray tip penetration increases, spray plume angle decreases, injection velocity decreases, injection delay increases and rate of needle lift reduces when biodiesel is used instead of diesel. Thus, appropriate changes may be required to the injection system components to compensate for the negative impact of using biodiesels. Similar conclusions were also reported in a study concerned with optimizing the injection system components for diesel and biodiesel by Kelg et al. [37] . The optimum cam profile for diesel and biodiesel are reported to be different. Thus, from an atomization standpoint, a redesign and optimization of engine components may be required when biodiesels are used in a diesel engine.
Droplet sizes and distribution
The parameters quantifying microscopic features of the spray include Sauter Mean Diameter (SMD), droplet size distribution and velocity measurements. These are important to assess the spray in terms of evaporation and air-fuel mixing. In general, it is observed that the SMD is higher for biodiesel sprays as compared to diesel sprays.
Variation in the SMD of Soybean oil spray was compared to that of diesel by Park et al. [34] . The SMD variation along the axis from 5 mm to 70 mm and variation of overall SMD with time from start of injection were reported. In general, the SMD in the biodiesel spray is observed to be slightly higher as compared to that of diesel. Biodiesel blends are also reported to be having higher droplet diameters as compared to diesel sprays [36] . Figure 3 shows droplet diameter comparison at various axial locations in the diesel and biodiesel-diesel blend. Slightly lower axial velocities are observed for biodiesels which were attributed to higher viscosity of biodiesels as discussed in the previous paragraph. In a detailed study by Kim et al. [38] , the droplet size distribution in sprays of biodiesel, DME and DME-biodiesel blends at 20 mm and 40 mm is reported. Biodiesel sprays are observed to consist of larger number of smaller droplets at 20 mm as compared to the 40 mm location which indicates the occurrence of coalescence. Biodiesel breaks up rapidly between 10-mm to 20 mm from the nozzle tip and after 0.2 ms, the overall SMD of biodiesel has reached a stable value of around 30 µm. The macroscopic structure and the microscopic droplet sizes are discussed in the previous section. Since these measurements are intimately connected with the breakup process, the next section reviews primary and secondary breakup in detail. Table 2 . Changes in biodiesel spray structure with reference to diese
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Primary atomization
The diesel fuel exiting the nozzle of a modern common rail system injector at high injection pressures disintegrates from a cylindrical core into either ligaments or droplets within a distance equal to a few nozzle diameters. In general, this region is known as the primary atomization zone. The primary atomization region has drawn a lot of attention and is being studied experimentally and computationally by several researchers to understand the exact process of disintegration of liquid column into 92 droplets. However, as this region is covered by very dense layers of ligaments/droplets, it is very difficult to investigate the internal structure of the primary breakup region. It was initially thought that there exists a liquid core extending from the exit of the nozzle to around 100 nozzle diameters, and atomization occurs by stripping of the core boundary layer into ligaments which are further broken down to smaller droplets by secondary atomization mechanisms. However, a number of recent studies on nearnozzle spray structure have reported that the primary atomization process is almost complete within a very short distance (around a few nozzle diameters) from the exit of the nozzle. Primary breakup is observed to occur due to aerodynamic forces, buckling, and turbulence enhancement by cavitation and instabilities [39] . Planar laser induced fluorescence (PLIF) is used by Pastor et al. [40] to study the liquid mass distribution of fuel across the spray plume. Their measurements showed that highest concentration of fuel exists very close to the nozzle exit and decreases sharply with distance in the axial direction. This indicates that liquid breakup takes place within a short distance near the nozzle exit. As of now, a more appropriate technique for investigating the primary breakup region seems to be X-ray radiography by which a better accuracy in measurement of fuel mass fraction, spray structure and velocity is possible [41] . Using this method, high concentration of fuel is observed very close to exit of nozzle which mixes rapidly with the surrounding gas. The near nozzle plume angle measured in this method is found to be narrower as compared to other methods [42] . Figure 4 shows an example of data obtained from X-ray radiography measurements and fuel density variation calculated from projected mass distribution. The projected mass distribution curve is nearly Gaussian close to the nozzle exit. This study was conducted for a production injector. On the other hand, single-hole research nozzles seem to show a comparatively flatter profile of density variation across the (a) X-ray radiography measurement of mass distribution in the near nozzle structure during quasi-steady spray (Injection pressure=800 bar, Ambient density=21.7 kg/m3), (b) Average reconstructed liquid density in quasi-steady-state duration [42] spray [43] . The spray from a multi-hole nozzle was observed to be more disperse as compared to that from a single-hole nozzle which would be due to the higher axial momentum of spray from the single-hole nozzle. A reduced dispersion in single-hole nozzle sprays is observed to cause a slower decay of spray velocity. Also, valve-covered orifice (VCO) nozzles are observed to show higher concentration of mass at the centre as compared other multi-hole nozzles [44] . The spray is observed to spread wider with increase in injection pressure and ambient density [45] . The near-nozzle spray penetration is observed to depend more on injection pressure rather than on ambient density. Nozzle geometry, cavitation, surface roughness, etc. are shown to have a significant effect on near-nozzle spray structure (primary breakup). Conical nozzles with rounded entry which do not promote cavitation are found to produce a narrow spray structure as compared to cylindrical nozzles with a sharp entry [46] . Cylindrical nozzles promote cavitation which increases inner nozzle turbulence and enhance breakup [47] . Also, non-hydro-ground nozzles are reported to produce large near-nozzle plume angles as compared to hydro-ground nozzles [42] . Experiments involving study of near-nozzle spray breakup show that very close to the nozzle outlet, the fuel exits as a smooth liquid core on which unsteady waves develop and grow rapidly indicating onset of breakup [48] . The distance between nozzle exit and onset of breakup is only around a few nozzle diameters or at most few millimeters depending on the nozzle and flow conditions. Further downstream, these instabilities grow and merge with axial waves to become chaotic and cause breakup of the liquid column [49] . The presence of ligaments in the primary atomization zone is reported by some researchers [50, 51] in their study of near nozzle structure using a ballistic imaging technique. They also reported a longer core which is about 3.5 mm below the nozzle tip. Figure 5 illustrates a typical ballistic image of near-nozzle spray structure which indicates the presence of ligaments and rollup phenomenon. Thus, there is still some level of uncertainty in terms of estimating quantitative parameters such as length scales of ligaments, length of liquid core, droplet sizes, etc., at the end of primary Ballistic imaging of near-nozzle diesel spray structure showing voids and other features (Injection pressure=1000 bar) [51] atomization. Recently, Kastengren et al. [52] compared biodiesel and diesel sprays in terms of near nozzle structure at various injection pressures and ambient pressures. Biodiesel shows a slightly slow rate of penetration, and the spray plume angle is observed to be narrower for biodiesel as compared to diesel. The trend with regard to penetration is attributed to a difference in inner nozzle cavitation of biodiesel and diesel. A narrow spray plume angle indicates a denser near-nozzle region. Overall, the exact process of primary atomization and the effect of change of fuel properties (from diesel to biodiesels) are not well understood and need further studies.
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Secondary atomization
Even though further studies are required to obtain a complete understanding of primary atomization, it can be concluded from the discussion in the previous section that primary atomization of the liquid column into droplets and ligaments is completed within a few millimeters from the nozzle exit. It is also reported that there is a significant reduction in droplet diameter along the spray axis ( Fig. 3) suggesting that droplets resulting from primary atomization further break into smaller droplets. In general, breakup of droplets into further small droplets due to aerodynamic forces acting on them as a result of interaction with surrounding gas is known as secondary atomization. With reference to the above discussion, Various stages of high-pressure diesel spray breakup [53] nozzle geometry start the breakup of liquid column into a conical spray in the primary atomization zone very close to exit of nozzle. Subsequently, these droplets break into smaller droplets in secondary breakup region due to aerodynamic forces [53] . The difference in forces experienced by the droplet leads to various breakup modes during secondary atomization. Figure 7 demonstrates the physical process involved in the various breakup modes. Vibrational breakup consists of droplet vibrating at its natural frequency and breaking into fragments of size comparable to that of the parent droplet. In the bag breakup mode, the parent droplet deforms into a hollow bag attached to a thicker toroidal rim. The sheet disintegrates into a large number of small droplets and rim breaks up into a small number of large droplets. The multi-mode breakup is similar to the bag breakup regime with addition of a stamen oriented anti-parallel to the direction of drop motion. The bag first disintegrates followed by the stamen producing multiple sizes of droplets. In the sheet stripping mode, a film is continuously eroded from the drop surface resulting in a very large number of small droplets. During catastrophic breakup, the surface of the droplet is corrugated by waves of large amplitude producing a small number of large droplets [54] . 96 
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Vibrational breakup
Bag breakup
Multi-mode breakup Sheet-stripping breakup Catastrophic breakup Figure 7 . Secondary breakup modes [54] Very few researchers have studied the secondary breakup of biodiesels. Park et al. [55] investigated secondary breakup of various diesel-biodiesel blends up to 100% biodiesel by passing mono-dispersed droplets across a gas jet. The gas jet velocity is varied to obtain various Weber numbers and hence, various secondary atomization modes. During the initial deformation stage, blended fuel droplets are observed to deform slowly as compared to diesel droplets. The rate of deformation decreases as the proportion of biodiesel increases in the blend because of increased viscosity and surface tension as shown in Fig. 8 . In the bag breakup regime, the growth of bag is slower for biodiesel compared to diesel. Even in the sheet-stripping and catastrophic breakup modes, the breakup of biodiesel is slower and results in larger fragments as compared to those in diesel. However, the transition Weber number is observed to be same irrespective of the biodiesel proportion. The droplet size distribution after secondary breakup is dominated by droplets whose size is typically less than 30 µm for diesel, whereas the droplet size distribution for biodiesel extends to around 70 µm indicating the presence of larger fragments than those typically observed for diesel [56] . Thus, it appears that the secondary atomization is a slower process in the case of biodiesel as compared to diesel.
Spray atomization studies in the literature seem to address primary and secondary atomization regimes separately. Thus, there is a need to study the entire break process in a holistic manner starting from the nozzle exit to the end of atomization process. Also, studies on relative importance of primary and secondary atomization and relative importance of various modes of secondary atomization with respect to high pressure biodiesel sprays need to be conducted for design and optimization of engine injection systems. 
Evaporating and combusting sprays
The previous section describing biodiesel spray experiments conducted at various gas densities but at room temperatures is useful to study the ability of spray to breakup into small fragments. For combustion to be achieved, the fuel droplets have to evaporate, mix and react with oxygen in the surrounding air. These aspects are typically studied in a constant volume chamber filled with hot gas, in a rapid compression machine or in a real engine with optical access to the combustion chamber volume. Spray, ignition and combustion processes can be studied simultaneously when air is the ambient medium and only evaporating sprays without combustion can be studied by using nitrogen as the ambient gas. Various parameters of interest in the reacting spray study are: liquid spray tip penetration, lift-off height (length of spray which is not enveloped by the flame), ignition delay, and combustion species concentrations. Just as in cold spray studies, liquid length and spray plume angle indicate the breakup characteristics, whereas other parameters such as lift-off length, HC concentration, NO x , etc provide information on spray evaporation and combustion.
Typically, the spray tip penetration under combusting conditions reaches almost a steady state value after a short initial transient period. A schematic of the spray combustion process of diesel is shown in Fig. 9 during the quasi-steady diffusion combustion phase. Fuel vaporizes by entraining hot gases and forms a rich fuel air mixture which undergoes partial combustion or thermal cracking resulting into a soot cloud, most of which burns when exposed to ambient oxygen. NO x generally forms on Figure 9 .
Illustration of diesel spray combustion with temperature and chemistry (Copyright © SAE International. Reprinted with permission [56] ) the outer surface of the flame where ample amount of oxygen and higher temperatures exist [53] . The lift-off length controls the entrainment of air whereas the total liquid length is indicative of the evaporation process of the droplets. The ignition delay which determines the proportion of fuel burnt in the premixed state has implications for soot and NO x formation. Thus, a comparison of such parameters between diesel and biodiesel is required to understand the issues concerning biofuels. Biodiesel sprays are observed to exhibit a longer liquid length mainly due to slower breakup and lower volatility as compared to diesel [57] . In some cases, liquid fuel impingement is observed when engines are operated with biodiesel at various operating points [58] . In a particular study, it was observed that the measurement of droplet diameter under increased ambient temperature resulted in a larger SMD [59] . This was attributed to evaporation of smaller droplets surrounding the spray along with the presence of larger diameter droplets in the core of the spray. The gas temperature has a dominant effect on spray characteristics as compared to the gas density [60] . In general, they have observed that fuel properties such density play a comparatively larger role in determining the spray parameters such as liquid length, as compared to ambient gas properties. Despite undergoing slower evaporation, biodiesels exhibit a shorter ignition delay because of higher cetane number resulting from the fuel oxygen content [61] . For biodiesels, the lift-off length is also observed to be shorter as compared to diesel indicating that the air entrainment will be inferior in biodiesel spray combustion [62] . Parameters such as nozzle hole size, injection pressure, ambient gas density and temperature, etc. are observed to have a significant effect on lift-off length and ignition delay [2] . Vapour and liquid penetration of soy biodiesel and diesel along with spray combustion characteristics are studied by Nerva et al. [63] which showed that, in spite of having a higher liquid penetration for biodiesel, both biodiesel and diesel have similar vapour penetration. Higher peak heat release rate and shorter combustion duration were observed for biodiesels as compared to diesel indicating faster combustion [64, 65] . Higher injection pressure and smaller nozzle diameter reduce the lift-off length and thus the air entrainment. Significant reduction in soot production is observed in biodiesel spray combustion. It is believed that the presence of oxygen in biodiesel is mainly responsible for the soot reduction [63, 66] . In the quasi-steady diffusion combustion phase, physical processes such as evaporation and mixing are observed to have a major effect on ignition and combustion processes. Soot production reduces and start of soot formation is delayed with increase in biodiesel percentage in blended fuels [67] . NO x formation increases with increase of biodiesel in blended fuels [62] . From the above discussion, it can be said that biodiesel sprays exhibit a longer liquid length, shorter liftoff length, shorter ignition delay, higher combustion rate and produce lower soot and higher NO x as compared to diesel. Thus, spray and combustion system modifications in IC engines using biodiesel may be required to avoid liquid impingement and reduce NO x .
Analytical and computational spray studies
Experimental studies on diesel spray atomization pose extreme difficulty because of the densely packed ligaments/droplets around the central core, high velocity of droplets and the highly transient nature of the spray. The uncertainties in such measurements sometimes lead to deficiencies in understanding the atomization process. Analytical and computational studies either based on the basic experimental results or based on the theoretical derivation of governing equations and validated with available experimental data to the extent possible may help in providing useful information in understanding the atomization process. Also, validated spray models can be used to optimize various injection or combustion system parameters. Thus, progress in computational models of diesel sprays and specifically, studies on the effect of fuel property change on spray characteristics are discussed next.
Studies on sprays using analytical models in general provide information on parameters such as spray tip penetration, SMD, etc. with limited accuracy. The main reason for inaccuracies is the simplicity of models used to model extremely complicated processes. The estimated fuel physical properties and droplet size using empirical formulae for diesel and biodiesel are compared by Ejim et al. [68] for a lare number of biodiesels and their blends with diesel. The comparison showed that the biodiesel droplet sizes are slightly higher compared to those of diesel. Coconut biodiesel was estimated to have the least SMD among biodiesels. Among various physical properties, viscosity was reported to play a dominant influence on droplet diameter. A similar study by Ahmed et al. [69] reported a maximum increase of around 40% in SMD for biodiesel. A more detailed analytical study by Wang et al. [30] based on gaseous turbulent jet theory [70, 71] compares diesel and biodiesel sprays in terms of tip penetration, air entrainment, equivalence ratio and SMD. The characteristics of both diesel and biodiesel sprays at high injection pressure could be predicted by gaseous turbulent jet theory. Significant increase in SMD is reported for biodiesels based on the analytical model.
Three-dimensional computational fluid dynamic (CFD) simulations of spray have been extensively reported in the literature. A large number of studies are available in the literature investigating diesel spray behavior up to different levels of complexities ranging from simpler Eulerian-Lagrangian two-phase models to very complex EulerianEulerian two-phase flow simulations of jet breakup process. The Eulerian-Lagrangian approach treats the spray droplets in a Lagrangian fashion. Droplets or a group of droplets (parcels) are introduced into the domain close to the point of injection with a specified initial velocity and direction. The trajectories, breakup and evaporation of each parcel are calculated using models formulated based the relevant physical phenomena. Hybrid breakup models, where near nozzle breakup (primary atomization) is predicted by Kelvin-Helmholtz (K-H) instability theory and breakup far away from the nozzle (secondary atomization) is predicted by other models is reported to predict the spray features more accurately [72] . Even though these models are considerably elaborate, they still need a few tuning parameters to match the spray structure with experimental observations. It was observed that these models need to be tuned for diesel and biodiesels separately [73] . In some studies, the tuning parameters are expressed in terms of liquid properties, geometric parameters and ambient conditions. It was observed that the primary breakup parameters contribute significantly to the change in spray structure when biodiesel is used instead of diesel. Thus, inner nozzle flow, turbulence and cavitation phenomenon which occurs upstream of the primary breakup region are important in predicting the primary breakup of diesel/ biodiesel accurately. Som et al. [74] reported that inner nozzle cavitation occurs to a lesser extent for biodiesel as compared to diesel because of the lower vapor pressure. To account for cavitation and turbulence of inner nozzle flow along with aerodynamic forces, the KH-ACT model was used for spray simulations and a comparison is made between diesel and biodiesel sprays. A slightly higher spray tip penetration and smaller spray plume angle was predicted in cold spray simulations. However, a significant increase in liquid core length is predicted for biodiesel as compared to diesel in spite of the fact that the simulations have under-predicted the liquid core length. It was also concluded that the consequences of using biodiesel are more pronounced at elevated temperatures implying that the effect of vaporization properties are more significant compared to other physical properties. With regard to the effect of nozzle geometry, diesel sprays were shown to be sensitive to inner nozzle flow dynamics [75] . In this study, diesel spray is predicted to have a higher penetration and smaller plume angle with a conical nozzle as compared to a cylindrical nozzle. Battistoni et al. [75, 76] additionally reported that biodiesels are not as sensitive as diesel to changes in the nozzle geometry and higher SMD for biodiesel spray irrespective of nozzle hole geometry.
Attempts have been made by a few researchers to simulate the jet break up process using Eulerian-Eulerian two-phase flow CFD simulations. These simulations are computationally very intensive. The breakup of a jet with a Reynolds number (Re) of 14000 and Weber number (We) of around 2200 injected into a cross flow of Re = 5.7e5 has been reported by Herrmann et al. [77] . In this study, the level set method for surface tracking and balance force control volume algorithm for accurate treatment of surface tension forces are implemented in the formulation. Instability waves (Kelvin-Helmholtz instability waves) on the liquid column are observed to grow and generate rollups and develop into bag-like structures which finally break into droplets of various sizes. Liquid jet breakup due to a high speed coaxially flowing gas jet is simulated by Tomar et al. [78] using multi-scale simulation where volume of fluid (VoF) methodology is coupled with Lagrangian particle tracking. The formation of ligaments, droplets and coalescence were demonstrated. Increase in droplet size was observed at locations away from jet due to coalescence. A liquid jet issuing from a nozzle of 200-µm diameter with a velocity of 200 m/s having a liquid-to-gas density ratio of around 10 is simulated using a combination of improved front tracking method and ghost fluid method by Bo et al. [79] . The formation of ligaments and breakup into droplets is demonstrated. The conditions of jet are very close to that of a diesel jet and SMD predictions are found to be close to that of experimentally validated correlations of Wu et al. [80] . Shinjo et al. [81] used direct numerical simulations (DNS) of two-phase flow in the near nozzle region and reported that with enough refinement of grid, accurate prediction of ligament and droplet formation was possible. In this study, a liquid jet of density of 848 kg/m3, issuing from a 100-µm nozzle at 100m/s into a gaseous environment of density 34.5kg/m3 was simulated. The formation of ligaments due to tip rollup and disturbances on the core are predicted well. The disturbances on the core are mainly due to shear from the vortices and collisions from ligaments/droplets produced by the shearing of the liquid jet front. The dominant mode of breakup is a short-wave mechanism. An example result of two-phase simulations is shown in Fig. 10 . Very limited amount of literature is available in the area of two-phase flow simulation of jets due to the requirement of heavy computational resources and efforts. Also, the effect of physical properties on the resulting spray structure is not yet studied in detail using such twophase flow simulations.
PURE PLANT OIL SPRAYS
Pure plant oils, which are highly viscous as compared to diesel (as shown in Table 1 ), are also being studied as diesel substitutes. The properties of Pongamia and Jatropha pure plant oils are listed in Table 1 . The viscosity of pure plant oils is an order of magnitude higher compared to that of diesel which can be expected to cause significant changes in engine performance, emissions and spray characteristics [82] . A detailed study on various spray characteristics of Pongamia oil has been carried out by Deshmukh et al. [24, 83] in a high pressure spray chamber with optical access. Figure  11 shows the structure of Pongamia oil spray at 1000 bar injection pressure at various chamber gas pressures. Experiments at 1 bar chamber pressure revealed long unbroken liquid cores when pure plant oils are used instead of diesel at injection pressures as high as 1000 bar. This was attributed to the visco-elastic nature of the plant oils. With increase in gas pressure, the atomization is observed to improve significantly. The spray tip penetration for oils is higher and spray plume angle is smaller for oil spray compared to diesel spray (Fig. 11) . Droplet diameters measured at 25 mm below the injector tip at 2.5 ms after start of injection for these sprays are also compared which revealed that the Sauter mean diameter (SMD) of plant oil sprays is around 200% higher compared to that of diesel as can be seen in Fig. 12 . More studies are required on the visco-elastic behaviour of these oils to better understand the effect of physical properties on the spray structure. As the atomization characteristics of these oils are very different from those of diesel, there is a need to develop alternative injector technology to obtain well atomized sprays of the highly viscous pure plant oils. 
DIMETHYL ETHER AND ITS BLENDS
Dimethyl ether is a fuel which can be produced from various types of biological feedstocks and is being evaluated mainly as a diesel fuel alternative, although it is also being blended in ethanol or butanol for use in gasoline engines. Various implications of using DME in diesel engines are discussed in this section. Table 1 shows that viscosity, density and surface tension of DME are significantly less as compared to those of diesel implying that the spray characteristics of DME would be significantly different. As can be expected, spraying DME with a diesel injection system leads to improved spray breakup characteristics [84] as compared to diesel. The injection delay is shorter and the maximum injection rate is slower for DME compared to diesel. The spray tip penetration is shorter and the tip velocity is less for DME as compared to diesel due to improved breakup [85] . A smaller SMD is also observed in DME spray measurements. One of the reasons for the improved breakup in the case of DME is the lower boiling point which promotes flash boiling [86] . At elevated pressures, DME and diesel sprays are observed to be similar because of increase in the boiling temperature. The fuel temperature has a smaller effect on the spray structure than the ambient gas pressure and temperatures. At higher temperatures, the spray plume angle was observed to reduce and the SMD increased as compared to diesel because of significant evaporation of smaller droplets in the DME spray. DME is observed to be in the vapour phase near the edges of the spray which indicates better ignition characteristics. The region consisting of DME vapour is observed to increase significantly when the chamber pressure is increased [87] . Due to improved breakup and evaporation, the ignition delay is observed to be smaller for DME in engine tests and simulations [88] . The combustion duration is shorter for DME due to faster evaporation. Higher NO x emissions and almost zero soot emissions are observed in diesel engines tested with DME. HC and CO emissions were observed to be significantly lower in DME engine tests [89] . Optimization studies on DME engine indicated that spray characteristics of DME require a deeper combustion chamber bowl for more efficient combustion. It was also observed that the performance and emission characteristics of engines optimized for DME are significantly different from those of diesel engines [90, 91] . A smaller nozzle hole for DME could lead to improved engine performance [92] . Various blends of biodiesels and DME are also studied with respect to spray characteristics. Spray atomization of biodiesel-DME blend is observed to improve with increase in mixing ratio of DME in biodiesels [38 and 93] . Thus, in spite of better atomization, combustion and emission characteristics, DME and its blends have significantly different spray characteristics which may demand more detailed studies on DME and biodiesel-DME blends with respect to engine applications. Also, studies on sprays of ethanol, butanol or gasoline blended with DME could not be found in the literature.
BIOFUELS FOR GASOLINE ENGINES
Gasoline engines in general operate predominantly using premixed combustion. Thus, fuels used in gasoline engines need to be highly volatile to create a homogeneous airfuel mixture at the onset of spark ignition. Thus, any adaptation of biofuels for gasoline engines requires consideration of relevant properties such as boiling point, latent heat of vaporization, etc. Port fuel injection and direct injection engine technologies demand good atomization and vaporization characteristics. Various alternatives for gasoline fuel are ethanol, n-butanol, methanol, n-penthanol, etc. Among the various alternatives, ethanol has attracted attention of a significant number of engine researchers. However, very limited literature is available on the remaining alternative fuels. Thus, this section discussed studies mainly on ethanol with reference to the feasibility and consequences of its utilization as an alternative fuel.
Port fuel injection (PFI) sprays
In general, port fuel injectors operate at low pressures, and breakup of the liquid column is known to occur due to the K-H type instabilities developed on the liquid jet surface. Esmail et al. [94] studied the near-nozzle structure of gasoline sprays through a PFI injector to understand the atomization process using backlit imaging and laser induced fluorescence. Due to non-axial kinetic energy, the liquid column is observed to issue from the nozzle at a smaller diameter than the nozzle diameter which subsequently increases in width and forms a liquid sheet. The liquid column surface is perturbed by infinitesimally small surface waves. These surface waves grow in amplitude until the sheet gets disrupted into ligaments. Further downstream, these ligaments breakup into droplets of various sizes. The wavelength of the surface waves are measured and compared with the predictions of K-H breakup model and found to be close. On the other hand, the diameters of the droplets resulting from the breakup of ligaments are compared with predictions from analytical results involving the growth of waves on a cylindrical viscous liquid column [95] . It was observed that the predictions hold good only at wavelengths greater than 105-µm. Figure 13 shows the gasoline jet breakup process. Based on estimation of Weber numbers of some of the ligaments, it is reported that the entire breakup process is controlled by the surface wave inception due to the inner nozzle turbulence and non-axial kinetic energy of the jet rather than the aerodynamic interactions. The secondary breakup of droplets may take place at downstream locations according to mechanisms discussed in section 2.1.4. Sprays of ethanol using the PFI injectors are studied and reported by very few researchers. Srinivas et al. [96] studied sprays of ethanol-gasoline blends in various proportions using a PFI injector. The ethanol spray is observed to exhibit a smaller tip penetration and droplet diameters as compared to those of gasoline. It was reported that the slower atomization or evaporation of heavy gasoline components may be a reason for this trend. The effect of ethanol blending on macroscopic and microscopic PFI spray characteristics with a 4-hole injector are studied by Anand et al. [97] . It was observed that the macroscopic and microscopic characteristics of gasoline-ethanol blends are similar for various proportions of ethanol in the blend. It is observed that the interaction of the liquid jets leads to a mode of breakup which is not dependent on the variation in the surface tension and viscosity over the range studied. The constancy in macroscopic and microscopic characteristics of the gasoline-ethanol blends is attributed to this phenomenon. Figure 14 shows that the liquid column breaks up at an injection pressure of 0.25 MPa in a 4-hole injector and does not breakup in a single hole injector even at an injection pressure of 0.6 MPa. However, further investigations are required over various other PFI injectors. 
Gasoline direct injection (GDI) engine sprays
Unlike PFI injectors, injection pressures and ambient pressures and temperatures are significantly higher for GDI injectors. Three types of most commonly used GDI injectors are: pressure swirl injector, outward opening injector and multi-hole injector. Figure 15 shows details of these injectors and demonstrates the operating principle. At the exit of the pressure swirl injector or an outward opening injector, a liquid sheet is formed with an initial thickness which increases in radius as it moves downwards forming a hollow cone structure. Due to mass conservation, this sheet becomes thinner as it departs from the nozzle exit [53] . The inner nozzle turbulence causes formation of initial perturbations on the liquid surface. These perturbations grow due to the aerodynamic interactions and eventually lead to the sheet breakup at some critical amplitude into ligaments. The ligaments under the influence of surface tension and gas force rapidly disintegrate into droplets. The secondary breakup of droplets is governed by the phenomena described in section 2.1.4. Figure 16 shows a schematic of spray from a pressure swirl injector. The pre-spray indicates mass of fuel injected in the initial stages of needle lift when the conical sheet is not yet formed. The arrows indicate the gas flow pattern which is responsible for the characteristic shape of the spray generated from a pressure swirl injector. It was observed that the instabilities on the liquid sheet are governed by the turbulence and injection pressure [98] . The wave frequency increases with increase in injection pressure as seen in Fig. 17 . An experiment involving injection of a liquid sheet into quiescent air is reported by Goodwin et al. [98] . They have observed that the onset of perforations in the liquid sheet has moved down as the injection pressure increased up to 20 bar and reached a maximum length at 20 bar, indicating the breakup length of liquid sheet. This phenomenon indicates that above 20 bar injection pressure, aerodynamic forces dominate the breakup process. X-ray tomography measurements and reconstructed three-dimensional fuel density distribution along various axial locations of a hollow cone injector by Liu et al. [99, 100] revealed various features of near nozzle structure such as non-circularity of sheet
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Inwardly Opening Pressureswirl Injector Figure 15 . Schematic of three types of gasoline direct injection engine injectors [53] and fuel density variation along the injector axis. The measurements show that the fuel density at the exit of the nozzle is significantly lower than the liquid density indicating that the fuel has already undergone atomization. Thus, phenomena such as cavitation and turbulence of inner nozzle flow play an important role in the spray breakup process. Within a few millimeters downstream from the nozzle exit, the density rapidly reduces. Multi-hole injectors are similar to diesel injectors in construction and operation. However, lower injection pressures, L/D ratio of nozzles, interaction of spray plumes, geometry of sac and needle cause the spray breakup process to differ from that of high pressure diesel sprays. The near-nozzle spray structure of a three-hole GDI injector is investigated by Lai et al. [105] using X-ray imaging. They showed that the near nozzle structure of a multi-hole GDI injector is very complicated and is quite different than that of a diesel spray. It is reported that the near nozzle breakup may not be well-represented by the KH-RT modeling theory used to predict diesel sprays. Throughout the injection duration, a contorted air-liquid interface is noticed in the spray plume X-ray images. These structures are characterized as ligaments and membranes formed due to strong interaction of vortex streaks, cavitation, turbulence generated in the sac and nozzle. Higher injection pressures produced smaller interfacial scales which can be expected as a result of smaller turbulence scales as Reynolds number increases. The near-nozzle structure is observed to be significantly influenced by the inner nozzle cavitation.
Counter bore Volume of fluid in conjunction with large eddy simulations (VoF-LES) of the inner nozzle flow and near nozzle spray structure are used to understand the breakup process of gasoline sprays from a GDI multi-hole injector by Befrui et al. [106] . Due to smaller L/D ratios and flow between injector body and needle, the liquid core is observed to separate near the entrance of the nozzle. Instability waves are observed to grow on the surface of the liquid core inside the nozzle itself and breakup of liquid core is seen to start from inside the nozzle (Fig. 18) . As the liquid core is ejected out through the counter bore into the engine cylinder, the instabilities quickly grow and liquid core breaks up into ligaments and subsequently into droplets. The wavelength of these waves did not match with the predictions of K-H instability theory. These instabilities are significantly influenced by the flow separation and hydraulic flip in the nozzle. The authors mentioned that the jet breakup is controlled by the above-mentioned inertial instabilities rather than the aerodynamic forces which are insufficient to influence the process. The L/D ratio is one of the main parameters which distinguishes the breakup process of GDI spray from the conventional diesel spray. There is a need to conduct such detailed studies for biofuels such as ethanol. However, researchers have studied the variations in spray structure and breakup performance caused by the change of fuel properties with multi-hole GDI injectors. The spray tip penetration of ethanol is observed to be smaller as compared to that of gasoline sprays because of lower injection velocities caused by higher viscous resistance inside the injector [107] . The droplet sizes measured for ethanol-blended gasoline sprays were observed to be larger than that of gasoline sprays due to higher viscosities and surface tension [108] . Ethanol sprays were observed to be less sensitive to change in ambient pressure and temperature as compared to gasoline. The Ohnesorge number for ethanol under cold conditions is located in the second wind-induced breakup regime which indicates cold starting problems may result from ethanol usage. The traditional approach of CFD simulation using RANS equations and WAVE breakup model could not predict the spray plume trajectory accurately [109] . Experiments at higher temperatures showed that due to presence of lighter components in gasoline, gasoline spray starts evaporating at lower temperatures as compared to ethanol [110] . Overall, high-pressure ethanol sprays seem to indicate considerable differences in spray structure and droplet sizes as compared to gasoline which need to be taken into account during engine development process.
Flash-boiling of GDI sprays
Flash-boiling is a special phenomenon in gasoline spray atomization, and occurs when sub-cooled liquid is rapidly expanded to a pressure sufficiently below the saturation pressure of liquid. In this situation, the liquid starts boiling at the exit of the nozzle and forms a very finely atomized spray. Figure 19 (a) shows the expansion process on a pressure-enthalpy diagram for non-flash-boiling (1'-2') and flash-boiling (1-2-3-4) cases. Both liquid and vapor can co-exist at point 4. A schematic of flash-boiling process is shown in Fig. 19 (b) . Vapor bubbles generate near the nozzle entrance and grow rapidly towards exit. At the nozzle exit, the two-phase flow may propagate with almost constant cone angle (first regime) or by flashing with external expansion (second regime) which depends on the ratio between the injection pressure and chamber pressure [111] . In general, flash boiling results in a finely atomized spray which can be exploited for better air-fuel mixing. Figure 20 shows the effect of flash-boiling on n-hexane spray from a multi-hole injector (a) and a hollow cone injector (b). At a fuel temperature of 323 K, there is no flash-boiling observed. As the fuel temperature increases to 343 K, the spray starts collapsing into a single plume due to flash-boiling. As the fuel temperature further increases to 381 K, the plumes in both the multi-hole and hollow cone nozzles fully collapse to form a single plume. The additional momentum associated with the rapid expansion in the nozzle accelerates the spray and causes increased tip penetration. It was observed that an increase in fuel temperature produces smaller droplets. The ratio of ambient pressure to saturation pressure (superheat degree) is identified as the parameter to distinguish various regimes with respect to flash-boiling. Flash boiling [111] starts occurring at a superheat degree of 1.0, goes through transitional regime when superheat degree is between 1.0 and 0.3, and flare-flash-boiling occurs for superheat degree less than 0.3. It is observed that with ethanol, higher temperatures are required to induce flash boiling [112] .
CONCLUSIONS
Recent research articles regarding atomization process of biofuels for IC engine applications and effect of fuel properties on the spray breakup process are reviewed in a detailed manner. A short summary of literature and future areas of research are highlighted below:
• Biofuels in general have significantly higher viscosity, surface tension and latent heat of vaporization as compared to fossil fuels leading to differences in atomization and resulting spray structure. Biodiesels processed from various plant/vegetable oils are found to have physical properties very close to each other.
• Biodiesel sprays are observed to exhibit higher or similar tip penetration and narrower spray plume angle as compared to diesel sprays.
•
The very few studies on droplet size measurements for biodiesels revealed that the droplet diameters are higher as compared to those of diesel sprays. Further studies confirming these trends especially under evaporating and combusting conditions and investigating the effect of biodiesel physical properties on droplet sizes and spray structure are essential. Also, measurement of nearnozzle droplet sizes which is almost absent in the literature needs to be investigated and its importance in spray and combustion modeling needs to be examined.
• With reference to primary breakup studies on diesel, inner-nozzle cavitation and turbulence are observed to have a significant effect on atomization process. Biodiesels have a nearly similar near-nozzle structure except that the penetration rate is slower and spray angle is smaller in the near-nozzle region. However, further studies (both experimental and computational) on primary atomization, near nozzle structure and effect of fuel properties on these aspects are essential for a clear understanding of the overall primary breakup phenomenon.
• Inner-nozzle geometry and flow conditions are observed to have significant effect on the spray structure. Correct prediction or estimation of inner-nozzle flow is reported to be essential for accurate spray atomization and its structure prediction. Thus, more computational and experimental research efforts are required to understand inner-nozzle flow and effect of using biofuels on innernozzle flow. Specifically, simulation studies coupling the nozzle flow and sprays are required, especially for biofuels. • V aried opinions are found in the literature about the importance of secondary atomization in diesel sprays. Single droplet studies with biodiesels in cross flow experiments indicate slower deformation resulting in larger size droplets as compared to those with diesel. Future studies on identifying the importance of secondary atomization and regimes of secondary atomization for biofuels are needed. Such experimental data can then be used to develop computational models for secondary breakup of biofuels with improved predictive capability. • Significant differences are observed between diesel and biodiesel in spray combustion studies. Biodiesel sprays exhibit a longer liquid length, shorter liftoff length, shorter ignition delay, higher combustion rate and are associated with lower soot and higher NO x production. • V arious computational studies comparing diesel and biodiesel sprays also reported similar conclusions as mentioned above. Simulations studying innernozzle flow characteristics indicated that the inner-nozzle cavitation is suppressed for biodiesel and they are less sensitive to nozzle geometry. • DME and its blends with diesel show significantly improved atomization characteristics accompanied by a significantly different spray structure as compared to diesel sprays. • For high-pressure GDI sprays, the breakup is observed to be strongly affected by inner nozzle turbulence and cavitation. For ethanol, injection velocity has reduced and spray development is delayed due to its higher viscosity. Ethanol spray also resulted in larger droplet diameters as compared to gasoline because of its higher viscosity and surface tension. Higher fuel temperatures are required to induce flash-boiling in GDI injectors using ethanol as compared to gasoline. • For gasoline-ethanol blends from low pressure PFI injectors on the other hand, the results seem to be strongly dependent on the injector geometry.
• Only a few researchers have studied the effect of biofuels on gasoline engine sprays, particularly, PFI engine sprays. Thus, more experimental and computational results in this area are needed. Overall, the article highlights the differences in the spray structure of biofuels (in terms of macroscopic and microscopic characteristics) from those of conventional fossil fuels, and identifies the gaps in the literature for further investigations.
